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I, INTRODUCTION

Since laser action in glass was first demonstrated in 1961, the
Advanced Research Projects Agency and the Department of the Navy have had
a very tangﬂile interest in the development of laser-glass materials. At the
present time, miiitary requirements exist for laser-range finders, target
illuminators and designators, optical radar sources, long-range and under-
water laser-imaging systems, Q-switched-laser sources, and plasma-heating
devices. For range finders, target illuminators and designators, glass is a
primary candidate in applications requiring 3- to 75-joule pulses. Where eye
safety is of concern, erbium glass (1.5u) currently has the edge over all other
materials for both high- and low-pulse energy requirements. For most appli-
cations requiring 50- to 200-joule pulses in less than a microsecond, Nd glass
is the preferred material. If high-power frequency doubling can be accom-

plished, glass becomes the favored material for underwater imaging.

In spite of the fact that substantial amounts of money have been
expended by both industry and the military, optically induced damage in glasses
still limits the usefulness of laser-glass devices. It is believed that the exist-
ing material limitations are not insurmountable. It is therefore desirable to
evaluate and review the efforts in various industrial and governmental
laboratories to define the fundamental material limitations and to indicate

steps in research and development necessary to reach those fundamental limits.

From the point of view of efficiency, the laser should operate at,
or a few times above, the saturation-energy density. For straight Nd glass
this is about 10 joules/cmz, but for Nd-Yb glass where the lifetime is 4 to 16
milliseconds, the saturation energy is greater than 40 joules/cmz. Experience
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Experience has taught systems engineers that if reliable long-term operation
of a laser is desired, thev should test the system a few times at epproximately
twice its desired output-energy density. If this test is survived, the system
will very likely have a good life expectancy. Thus a glass-damage threshold
of the order of 100 joules/cm2 for Q-switched operation is a desirable goal.

In addition to a higher-damage threshold, other properties such as low-loss
coefficient, a high~slope efficiencv, a strong resistance to solarization, an
ability to obtain good yields of high-optical quality, etc., are desirable.

With this background, the Office of Naval Research (ONR) in
June 1969 requested that the National Materials Advisory Board ¢f the
National Academy of Sciences-National Academy of Engineering-National
Research Council initiate an appropriate committee study to explore the
causes of damage in laser glass and to recommend a program directed toward
a solution to the problem. More specifically, the task of such a committee
was to determine what problems need to be overcome to enable our national
capability to produce a laser glass having & damage threshold of 100 joules/cm2
while stili possessing the other qualities requisite for good, high durability,

laser glasses.



Il. THE CHARGE TO THE COMMITTEE

The National Materials Advisory Board acceptrd the charge and
established an ad hoc Committee on the Fundamentals of Damage in Laser
Glass in August 1969. The Committee addressed itself to the following
guideline-type questions:

- What is the current state of the art in glass-laser materials 7

. What are the fundamental scientific limitations setting an ultimate’
damage threshold in glassy materials?

- What are the technological limitations that, at present, prevent
the ultimate threshold from being attained ?

-  What steps can be taken in research and deveiopnent to remove
present technological roadblocks to achieving the fundamental
threshold limit ?

« What effort in terms of manpower, time, and cost is necessary to
achieve a glass-laser material with a damage threshold of 100

. 2
joules/cm” in a laser pulse of 10- to 10G6-nanosecond duration?

With this basic charter, the ad hoc Committee on the Funda-
mentals of Damage in Laser Glass held 6 two-day meetings during the period
September 1969 - June 1970. Presentations from experts of the major laser-
glass manufacturers in the United States and France, as well as from leading
research experts in government and university laboratories, were heard. This
report contains the results of the deliberations of the committee members,

liaison representatives, and invited speakers.




III. GENERAL BACKGROUND AND ORGANIZATION
OF LASER-GLASS DEVELOPMENT

Whern the study was started, it was believed that questions
mainly of a scientific nature impeded tne efforts to produce high-performance
laser glass in the United States. As the study progressed, it became increas-
ingly clear that questions of organizaticn and technological manufacturing

techniques play roles as important as the questions of materials science. The

developments in the state of the art during the course of the study were signif-
icant, and it is now clear that the achievement of a laser with a damage
threshold of 100 joules/ cm? is not an isolated materials problem but will
require a systems approach. ‘The geometric design of the laser components,
the balance between size of glass-building blocks and useful yield, the balance
between production cost and quantity of laser glass required, all play an
important role in addition to the laser-glass composition and characteristics.

The mandate to the Committee, and consequently the study,
emphasizes the fundamental materials aspects of the problem. The
conclusions and recommendations are restricted largely to these aspecis.
Although the Committee has neither the authority nor the competence to make
recommendations about the modes of organization and funding of glass-laser
development, the following observations are offered to previde a broader
context and background against which our recommendations and conclusions
must be viewed.

In foreign countries, notably France and the Soviet Union, a
comprehensive and long-range development program for a particular
application of high-threshold, laser-glass production was directed by a single
government agency. However, the corresponding effort in the United States
was supported and supervised simultaneously by a number of government

agencies and private industrial institutions with diverse purposes. It is quite

Preceding page biank




evident that this latter mode of operation leads to a diffuse effort that may not
expeditiously solve key materials problems,

While the first glass-laser action was demonstrated in a private
industrial laboratory in this country in 1961, France and Germany were
capable of delivering iaser glass with higher threshold for damage at the time
the present study was begun. For a while the Soviet Unior held the lead in the
power output of Nd-glass-laser amplifiers, and the first laser-induced,
thermonuclear plasma was achieved in that country. During the past year,
i.e., during the course of this study, the capabilities in the United States
have improved considerably. Since the state of the art is approaching the
fundamental limits set by material properties and geometrical configurations,
coordination of effort becomes increasingly more important. A close liaison
between user and producer of 1aser glass at all stages of future development
is desirabie. Since the eventual demand for laser glass as well as further
development costs are uncertain, continued funding of this development from

private gources cannot be counted on.

Having pointed out that questions of organization and funding are
important, the Committee will restrict itself in the remainder of this report to
basic questions of materials science and technology in the production of laser
glass with a high-damage threshold. The major findinge of this study are sum-
marized in the next section. The remaining sections review in more detail the
state of the art and the problems presented by each of the seven subject areas
into which the field could be divided. These are:

Laser (Glass Composition and Manufacturing
» Metallic Inclusions

Nonmetallic Inclusions

Damage Induced by Inclusions

Surface Damage

Intrinsic Bulk Damage
Test Facilities




IV. SUMMARY OF CONCLUSIONS AND RECOMMENDATIONS

In this section the main conclusions and recommendations of
the report are summarized. They result from the more detailed discussions
in sections V to XI, which shcuid be consulted for both supporting evidence
and the general context in which the conclusions and recommendations should

be viewed.

Conclusion 1

The three main causes for damage in glass-laser materials

are:

a. Absorption of light by metallic and nonmetallic inclusions
followed by bheating and failure by thermal-stress fields

around the inclusions.

b. Surface damage accompanied by plasma formation at the
surface.
c. Intrinsic bulk damage in the glass, initiated by a self-

focusing mechanism resulting in heating and plasma formation

and filamentary-damage tracks.

Conclusion 2

The state of the art at the beginning of 1270 is such that
inclusions present the most serious bottleneck in laser glass manufactured
in the United States. Glass with a damage threshold of 20 jouies/cm2 ina
30-nanosecond pulse can be produced consistently with a reasonable yield
in both platinum and ceramic crucibles and continuous tanks. The elimina-

t'on of metallic and nonmetallic inclusions has progressed and will progress




further by careful attention to technological dctails of the laser-glass
manufacturing process. To achieve improvement it is essential to integrate
the manufacturing and testing techniques. It appears that the inclusions in
glass-laser rods can be eliminated to such an extent that a threshold for
inclusion-induced damage of 100 joules/ cm2 in & 30-nanosecond pulse in an

operating device is feasiktle.

Ccnclusion 3

The physical mechanisms for surface damage are only partially
understood. Raising the surface-damage threshold by chemical and mechanical

treatment of the surface to over 100 joules/cm2 appears possible.

Cont sion 4

The onset of self-focusing with subsequent breakdown
consatitutes the fundamental limit to damage in bulk-laser glass, as well as in
crystals. The threshold fur electric breakdown and plasma formation lies
over 1,000 joules/cm2 in a 30-nanosecond pulse. Such intensities can,
however, be reached by the self-focusing mechanism for laser beams with a
much lower initial intensity, Although the basic physical mechanisms for
this self-focusing effect are reasonably weil undcrstood, the self-focusing
threshold depends sensitively on the spatial und temporal structure of the
laser pulse and is influenced by inhomogeneitics and inclusions. This depen-
dence is not sufficiently well known at present. For present laser geometries,
not specifically designed to avoid self-focusing damage, the tireshold for the
formation of self-focused filamentary-damage tracks appears to lie hetween
50 and 100 joules/cm2 for a 30-nanosccond pulse.  These damage mechanisms

and thresholds are not very sensitive to the bulk composition.




Conclusion 5

Presently available manufacturing techniques hold promise for
the production of laser-glass devices, in which the damage threshold is
determined by the self-focusing mechanism. To optimize the yield of glass
with acceptable loss zoefficient and to optimize the system geometry for
maximum self-focusing threshold, a systematic use of testing facilities and
their integration with technological production processes is required. With
these optimization procedures, a system with a damage threshold of 100

joules/cm2 in a 30-nanosecond pulse appears feasible,

Conclusion 6

To achieve a glass-laser system with a damage threshold of
100 joules/cm2 in a 30-nanosecond puise, a concerted effort on all causes of

damage listed above will have to be made.

Conclusion 7

Much of the experience of neodymium laser glass may be
transferred to the development of erbium laser glass. Some new problems

may arise if a base other than a silicate is required.

Recommendations

As a result of these above conclusions, the following rezom-
mendations are listed in their approximate order of priority. However, in
view of Conclusion 6, it is felt desirable that all those recommendations
listed from 1 through 5 te implemented. Al! man-years of effort listed in all
the recommendzations should be carried out over a 1- to 2-year time period.
(For example, where an effort of 4 man-years is specified, this means 4

men for 1 year or 2 men for 2 years.)
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Recommendation 1

The development and further improvement of laser glass
manufactured in refractory ceramics should be continued. High priority
should be given to the ideniification of the damage sites and to the fundamental
study of their origin. The influence of various ceramic materials on the
damaging inclusions and absorption coefficients of laser glass should be
studied. The identification of ¢amage sites in glass with acceptable low
absorption and small-quantity production work with improved ceramics is

expected to overiap.

A minimum effort of 5 man-years is necessary. A healthy
effort of 7 man-years is recommended. The cost for this program is expected

to lie between $300, 000 and $400, 000.

Recommendation 2

The program to produce laser glass in platinum contairers
should likewise be continued. Emphasis shculd be placed on obtaining thermo-
dynamic cata for the oxides contained in laser glass and for metal bases in
platinum. If these data confirm the feasibility of producing an inclusion-free,
laser glass in platinum at theoretically predicted optimum-oxygen pressures,
further experiments to confirm the improved properties of glass produced

under these optimum conditions should be carried out.

A 3 man-year effort is necessary to obtain the basic¢ thermo-
dynamic data gt a cost of about $200,000. A 2 man-vear effort on mapping
and analysis would cost about $75,000. Subsequently, an additional 2 man-
year effort for producing glass under optimum conditions at a cost of £150, 000

may be warranted.
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Recommendation 3

A systematic study of surface damage of glasses should nave
high priority since the surface-damage threshold is often lower than the
objective of a 100 joules/cm2 limit in a 30-nanosecoad pulse and the damage
mechanism is not fully understood. Systematic data on damage threshold
should be obtained of glass samples with controlled surfaces. (The measure-
ments should include fresh outgased samples with surfaces in vacuum,
surfaces with controlled amounts of known adsorbed gases, samples with
mechanically hardened surfaces, glass surfaces immersed in a liquid that
raay be matched in optical index of refraction or in shock-wave impedance.
"he dependence of surface damage on temperature, spot size, and pulse
duration should be investigated. Systcmatic studies of the influence of etching
and aging in the atmosphere should also be conducted. Scauning electron
microscopy of surface-damage sites is recommended.) This program should
be integrated with the manufacturing process of glass-laser elements and with

the associated test programs for inclusions and bulk damage.

A minimum effort of 3 man-years is considered necessary.

The cost is estimated at $200, 000.

Recommendation 4

Since the fundamental limit for filamertary-track damage
determined by the onset of self-focusing has already been reached in a few
selected configurations, further theoretical and experimental studies of self-
focusing and mode distortion as a function of the temporal and spatial structure
of the beam and the geometry of the output elements of the Q-switched laser
are recommended. The study of self-focusing in tite picosecond-pulsc regime

should also be continued. Raising the fundamental threshold by a change of
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the material properties of bulk glass, inchiding the el stic meduiy and optical
index, shouid be pursued with lower priority beause the maximum factor for
improvement, obtainable by extensive and expensive glass-materials

engineering, is not expected to exceed a factor ot 2.

An effort of 4 nian-years is recommended. A minimal effort
would include 2 man-years. Existing test facilities should be used. The
estimated cost of this program for the recommended effort of 4 man-years

is $200, 000.

Recommendation 5

It is recommended that existing programs of test facilities,
both in governmental and industrial laboratories, be continued. These test
facilities are essential for the implementation of the other recommendations.
Consequently, their maintenance and further development should be given a
high priority. Full advantage should be taken of the existence of special

capabilities and the complementary nature of different installations.

The manpower requirements for damage testing of laser glass
lie between 1 and 2 man-years per test facility per vear. The annual cost
per test facility is cstimated to lie between $50, 000 and $100, 000, Part of
the cost of the test faciiitics in industrial laboratories would be absorbed in

the estimated requirements of the other recommendations.

Recommendation 6

Whereas Recommendations « and 2 can he carrivd out with
crucibles of modest size at lower cost, the continuous tunh-melting process
ha many advantages and should be adopted, i the demand for larger quantitios
of laser glass and the feasibility of producing lascr gliass with the required

specifications in crucibles have heen demonstrated.
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The estimated minimum cost for a ceramic tank facility is

$750, 000.

Recommendation 7

Close attertion should be paid to research results in eye-safe
wavelength lasers in glass hosts so that timely establishment of test facilities

can he made.

The estimated cost for an erbium glass-test facility is $200, 600.
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V. LASER-GLASS5 COMPOSITIONS AND MANUFACTURING

Ceneral

Neodymium-glass lasers have been made in a variety of hosts,
including silicates, phosphates, germanates, lanthanum borates, and

aluminates. @

The principal requirement for a good hust is that fluorescence
of Nd3+ occur without quenching and that the glass be transparent at the laser
wavelength of 1. 06 microns and at the pumping bands in the visible and near
infrared. In addition, the glass should be capable of being fabricated in good
optical quaiity in large samples. The glass should also be free of solarization,
or if there is some discoloration on exposure to pumplight, efficient operation
should also be possible with filters that remove the damaging ultraviolet

light. The final requirement, and the one which is of primary concern in this

renort, is that the glags alan he free from damage when exposed to the high-

power levels of Q-switched operation.

The particular choice made by different glass manufacturers,
or laboratories working with laser glass, was often based on peripheral
considerations such as the experience gained with a particular glass system
in connection with other glass fabricating activities, or the availability of
relatively "clean" materials from which the glass couid be made. These
factors have led all of the principal glass manufacturers to work with alkali,
alkaline-earth silicates because they have had considerable experience in
fabricating these glasses and can readily make good opticai quality material
in large sizes. Furthermore, the starting materials from which silicate
glasses are made are relatively free of contaminating colorants, particularly
iron and copper. The transition-metal ions that are most serious in producing
absorption at 1. 06 microns are Ni2+, (‘02+, Cu2+, F02+, and \’3+. =) These
practical considerations have made alkali, alkaline earth, silicate glasses a
commonly fabricated laser glass even though thesc glasses have problems of

solarization and have fluorescent lin :‘widths that are broader than is often

Preceding page blank
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desirable for many applications. Some phosphate-kost glasses can be made
free of solarization and have narrower linewidths thereby permitting lower
thresbolds for some applications. However, the difficulty in making large
volumes of phosphate glasses with good optical quality and the problem of
avoiding contamination due to iron and other transition-metal ions have thus
fer vbviated any practical role for them.

The starting materials for fabricating alkali, alkaline~earth
silicates usually consist of silica in the form of a finely divided quartz mixed
with the other ingredients, one or more of which are not oxides. Carbonates,
hydroxides, nitrates are commonly used for the alkali, alkaline earth, or
aluminum, if it is present, in order to "flux" the original batch. In the
melt” of the glass, the mixed oxide is formed with the evolution of gas, some
of ﬁ initially appears as iubbles within the glass. Some glasses have
sufficiently reactive conatituents so that it is possible to use oxides for all
the starting materials. The next stage in processing is a refining or 'fining"
step in which buubles are cleared out of the glass. Fining agents are often
included in the glass which, at an appropriate temperature, cause an enlarge-
ment of the bubbles so that they readily rise to the surface and leave the melt.
The effectiveness of a fining agent depends upon the glass. Commonly used
agents are the oxides of arsenic, antimony, and cerium. In addition, the
alkali chlorides are sometimes suitable or, fcr some glasses, none are

required.

After the glass has been fined, the next step is homogenization
in which the glass is stirred to provide good optical quality, striae-free glass.
The glass is now ready to be poured or tapped from the furnace or, in the

case of the older "transfer' process, i8 left to cool in the crucible.

Prior to World War II, it was customary to use ceramic

crucibles in most glass manufacturing plants. However, since then, piatinum
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crucibles and platinum tanks came into wide use because platinum is not
readily attacked by the silicate glass thereby allowing much more rapid and
more effective homogenization. The very limited crucible attack permitted
much longer life. Furthermore, with the reclaim value for the platinum

crucible, the cost for making glass in platinum is less than in some refractories.

In continuous tanks, with platinum in the stirring section, the
batch is loaded at one end and finished glass emerges from the other end. Lt is
not uncommon that the first stage is made of ceramic materials for the glass
forming and refin'ng rcactions. This is done because often the unreacted batch
is chemically extremely active and the platinum could be attacked. Even if
some ceramic attack does occur in the reacting and refining stages of glass
fabrication, this is not often a problem because the homogenizing still occurs
in platinum so that whatever refractory does dissolve is homogeneously mixed
within the finished glass.

While platinum crucibles are relatively inert, some pot attack
can take place. There are four principal ways in which this can occur.
Physical abrasion and corrosion can lead to particles of platinum flaking off
into the melt. In an oxidizing atmosphere, platinum-oxide vapor is formed,
“ollowed by condensation on portiot;3 of the furnace or ever the melt surface,
and then subsequent reduction to the platinum metal within the glass. Vinally,
in an oxidizing atmosphere, platinum could be dissolved directly into the
glass from the pot, principally at the glass-air interface. With proper handling
in the preparation of the pot and the positioning of the stirring rod, abrasion
should be avoidable. The corrosicn could be kept within acceptable limits by
frequent reworking of the platinum. The other two methods of platinum
contamination in principle could be coped with by preparation of the glass in a
neutral or slightly reducing atmosphere. A strongly reducing atmosphere
can cause problems with reduction of other constituents which, in turn, could

form an alloy with the platinum thereby leadirg to excessive pot attack.
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In addition to platinum-pot sttack, another source is the smail
amount of platinum in the batch which could produce serious problems from
the point of view of inclusion damage unless it is dissolved. To dissolve the
platinum requires an oxidizing atmosphere at least in the initial stages of

melting.

In the case of a ceramic crucible, one of the major problems
is the elimination of striae. It is necessary to find a combination of pot
material and glass composition which gives only limited pot attack, and to
have a time-temperature cycle and stirring such as to effectively homogenize
the glass. The pot attack can lead to a higher loss coefficient if the ceramic
is "dirty," i.e., contains too high a concentration of transition-metal ions.
By a proper selection of glags composition and ceramic-crucible material
together with appropriate time, temperature, and stirring cycles, it is
possible to obtain striae-free, low-loss glass. Even though there are no
known sources of platinum present, damage sites can occur due to as yet

unknown causes.

A variety of test proced:ces have been used to evaluate the
glasses of different manufacturers. It is important to stress that the presence
of inclusions is inherently a statistical problem. The analysis presented by
Uhlmann ®indicates that the threshold for damage is a function of the particle
size and duration of the pulse; hence, in a given glass sample the most
complete characterization of inclusion damage is the number per-unit volum:
of damage sites as a function of incident-energy density for various pulse
lengths. Unless the glass has so low a density as to be virtually free of
inclusions, and short of a complete description of the number of sites versus
energy and pulse duration, the most meaningful data in characterizing a given
glass sample is the concentration of damaging inclusions as a function of
energy density for a particular test procedure. This still leaves open the

comparison of one test procedure with another. The scale factor to use in
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comparing the energy density for damage for one pulse duratiou to that in a
different pulse time would have to be determined experimentally for a particular
glass. .

Because of the statistical nature of the damage sites in glass,
it is necessary to irradiate large volumes with known energy densities. In
active tests, only the last few centimeters of path leng:h in an oscillator-
amplifier system are subjected to energy densities comparable to the output
value. Hence, active tests usually provide data on relatively small volumes
of glass. In passive tests, long rods may be used but care should be taken
to avoid self-focusing in this case. For a given geometry and total pulse
energy, it is necessary to optimize the pulse durstion to discriminate between
inclusion and self-focusing damage.

If the density of damage sites is sufficiently low (less than
1 per liter), or if it is very high (in excess of 1 per cubic centimeter), the
siatistics of damage sites are less important in evaluating the glass in question.

Programs of Principal Laser Glass Manufacturers

American Optical Corporation

The original work on lager giasses at American Optical (AO)
was in platinum crucibles. After it was recognized that the principal sources
of laser-glass damage were platinum inclusions, AO's first attempt at
damage-resistant glass was in a platinum crucible in a controlled atmos-

(3,4,5)

phere. To dissolve any platinum that might be present in the batch and

to preclude excessive pot attack by the active batch constituents, the glagss was
first reacted and partially fined in a high-purity mullite crucible. It was then
transferred to the platinum crucible in a neutral atmosphere for the remaining

glass processing.
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After erratic results with platinum crucibles in an atmosphere
that could be controlled to be either neutral, slightly reducing or slightly
oxidizing, AO went to an all-ceramic system made of high-purity mullite with
a capacity of 23 kg of glass in the crucible and about 16 kg of extruded output
in the form of 7, S—oem-diamatar hillots ber 1 meter in length. These billets
were tested with §0 joulexs/cm2 in a pulse that had a 4-ysec, full-width at
3 intensity but a total duration of 10 ysec. Only glass that survived this test
was ccnsidered suitable for high-intensity, Q-switched operation at energies
up to about 20 joules/cm2 in 4 30-nanosecond pulse. The compositior of the
glass that has been manufactured and tested in sufficient quantity to provide
significant damage and yield data is given in Table I.

Prior to damage testing, the only visible inclusions were
occasional bubbles. The yield of glass free of striae and with a sufficiently
low density of bubbles to be useful in a laser device is about 35 percent. The
density of damage sites that appeared on testing with the above-mentioned
pulse averaged one damaging inclusion per liter. The yield following the
damage test depends on the rod size required. For small rods, 6-mm
diameter by 7-cm long, very little glass is lcst, but for large rods, 25-mm
diameter by 50 cm, the yield is about 60 percent.

In passive tests on recently prepared experimental glass, with
the amplified spontaneous emission device operated to give a pulse duration
of 120 nanoseconds, no damage was observed at 100 jcules/cm2 in a sample

volume of 20-cubic centimeters.

Owens-Illinois, Inc.

The glass presently being made by Owens-Illinois (O-]) is
made in a platinum crucible under controlled atmosphere conditions. ©)

Its composition and some data on yield, loss coefficient, and d:.mage are
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given in Table I. In addition to controlling the atmosphere at an appropriately
low-oxygen partial pressure, there is some benefit from the glass composition
because it is prepared at temperatures somewhat leas thaa other commonly
used laser giasses. Other things being equel, the reduced temperature inhibits
platinum-pot attack.

The laser glass manufactured by Owens-Illinois is inspected
with a visible light source by a trained operater who can detect particles of a
size a8 small as 1 micron. Only glass with a particle density less than
approximately 5 particles per liter is accepted for subsequent fabrication into
laser rods. The yield of glass at this step is approsimately 15 to 20 percent.
Care is taken to avoid any visible inclusions in fabricating rods from this
selected glass.

Passive damage tests on selected small samples, 4-mm thick
by 2-cm diameter, of Owens-Illinois laser glass have not shown damage at
70 joules/cm2 in a 55-nanogecond pulse when irradiated with the nonfocused
output from the Brewster-angle end of the Owens-Illinois oscillator-amplifier

system. @

Active tests in which Owens-Illinois laser glass is the last
stage of amplification in a Q-switched, oscillator-amplifier have indicated
damage seldom occurs up to 20 joules/cm2 in a 55-nanosecond pulse for
laser rods 19-mm diameter by 21-cm long. Rods tested up to 40 joules/cm2
can show some inclusion damage but the inclusions are small enough so that
no further degradation occurs after the first pulse on repeated exposure of
up to 200 shots at 40 joules/cmz. Selected samples have withstood up to
50 joules/cm2 in a 55-nanosecond pulse. Yield figures on the damage testing
at more than 20 jo‘ules/cm2 at 55 nanoseconds are not yet available, nor is

data on the density of damage sites as a function of energy density.
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Sovirel (France)

The first laser glass melted by Sovirel in France had the
composition shown in Table I and was melted in a platinum crucible in a
semicontinuous process. @) This showed inclusion damage due to the presence
of small particles of platinum for energies of 7 joules/cm2 in a 30-nanosecond
pulse. Their effort was then divided between work with a controlled atmos-

phere using a platinumr pot and an all-ceramic system.

Sovirel's experience with a platinum crucible in a controlled
atmosphere gave erratic results similar to those found by AO.

Parallel with Sovirel's effort in producing glass in a platinum
crucible with a controlled atmosphere, work was undertaken with an all-
ceramic system. A number of melts were made in alumina crucibles in pot
sizes of 1, 5, and 30 liters. They found that the alumina crucibles were a
distinct improvement over the platinum with energy-damage thresholds in the
neighborhood of 25 to 30 joules in a 30-nanosecond pulse, and in one case as

high as 54 joules/cmz; however, inclusion damage was still present.

Sovirel's next effort was to use large clay refractories that
were traditional before World War 1I in the glassmaking industry. Glass
produced by this method did not contain any visible inclusions and consistently
withstood damage thresholds of 40 to 50 joules/cm2 in a 30-nanosecond pulse.
When the glass damaged at this value or higher, it was due to self-tracking.
The disadvantages of this process were the relatively low yield (typically
only 20 percent) and the relatively high-loss coefficient at the laser wavelength
(3 to 1 percent/cm loss). Furthermore, this procedure for making glass
required ccnsiderable skill on the part of the glassmakers and is a process
that is being discontinued. This is one of the laser glasses that is now avail-
able commercially and which is used in the Q-switched, oscillator-amplifier

device manufactured by the Compagnie Generale d'Electricitie (CGE, France).
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The most recent laser glass made by Sovirel was made in a
ceramic-continuous tank fabricated from a cast refractory (ZAC 1681, made
by Electro Refractories). This glass has the Jow-loss coefficient of } per-
cent/cm, and the high yield of 85 percent of striae-free, bubble-free glass.
Damage first appears at an energy density of 22 joc.lezs/cm2 in a 30-nanosecond
pulse. The damage sites have a density of 300/liter. At higher-energy
densities, no new damage sites appear hxzi those that showed up at 22 joules/cm2
tend to grow in size %o several mm. Work is presently being carried out to
identify the damage sites. They cannot be seen prior to damage and, at present,
are of unknown character and origin.

Schott Glass Company (Germany)

Up until the summer of 1969, the laser glass made by the
Schott Glass Company was produced in large clay pots. The glass was free
of damaging inclusions but had the relatively high-loss coefficient of § to 1
percent/cm. Damage due to self-tracking occurs at energy densities in

2
excess of 50 joules/cm in a 30-nanosecond pulse.

Erbium Glasses

In addition to Nd glasses that lase at 1.06 microns, there is
an interest in erbium-glass lasers that emit in the eye-safe region of 1. 54
microns. Test samples of Er-laser glass have been made by American
Optical in the same silicate base (exclusive of rare earth) used for their Nd
laser and in a Zn-Al-phosphate. Owens-Illinois has made Er-laser glass in
their Li-Ca-Al-silicate. If the silicates prove to be most suitable for Er
glass, as they have for Nd glass, it is expected that the same base glass and
melting facility would be used as required for Nd. Because of the three-level

character of the emission, concentrations less than 0. 5-wt. percent of Er




are used. For efficient operation at room temperature, szo3 is added as a
sensitizirg agent in concentrations in excess of 10-wt. percent, and in some
glasses small amounts of Nd203 (< 0.2-wt. percent) are also added for
further sensitization. The differences between the Nd lasers at 1. 06 microns
and Er lasers are the obvious differences in wavelength, the rare earths used,
and the total rare-earth content. The wavelength should not h:.ve any effect

on the inclusion-damage probler, but the different rare earths and particularly
the higher rare-earth content could have an effect inscfar as the melting
properties of the glasses are altered. Glasses melted in platinum should not
be radically changed, but until the sources of inclusion damage in ceramic

melts are known the situation is unclear.

Summary and Recommendations

Unless the density of damaging inclusions is reduced to a
negligibly small value, the problem of damage sites in laser glass is essentially
a statistical one. A complete characterization of a glass sample would
include the number of damage sites per-unit volume as a function of energy
density for various pulse durations. These data are not yet available for
low-loss laser glass manufactured in the United Statcs. However, glass
manufactured by both American Optical and Owens-Illinois i8 sufficiently low
in damaging inclusions to permit reliable damage-free use in laser devices

up to energy densities of 20 joules/cm2 in a 30-nanosecond pulise.

The experience of both AO and Sovirel with platinum melters
in a controlled atmosphere was not encouraging enough for either company to
pursue the method. Owens-Illinois feels that by its present methods of
quality control, which include both inspection for large particles and damage
testing under conditions comparable to those employed by the user for elimina-
tion of excessive numbers of smali-damage sites, useful glass that does not

deteriorate beyond the damage shown after the initial irradiation can be
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obtained for energy densities up to 40-joules/cm2 in a 55-nanosecond pulse for
rod sizes 25 mm in diameter and 30 cm or more in length. The ability to
ellm.inate inclusions due to platinum with a platinum crucible in a controlled
atmosphere will depend in part on obtaining the necessary thermodynamic

data for the oxides in laser glass and for metal and oxide solutions in platinum.

By use of 300-liter-clay pots, both Sovirel and Schott have
demonstrated that laser glass can be produced with negligible concentrations
of damaging inclusions; however, the naturally occurring ciay materials used
for the crucible give absorption losses that, for many applications, are
unacceptably high. American Optical and Sovirel have demonstrated that by
the use of synthetic ceramic-crucible materials, low-loss, damage-free
glass can be prodvced for energy densities up to 20 joules/cm2 in a 30-
nanosecond pulse. American Optical used the 8-liter-mullite crucibles with
the yield of 35 percent, and Sovirel a continuous tark made of ZAC 1681
refractory with the yield of 85 percent. It is probably necessary to use
synthetic ceramic-crucible materials to avoid absorption due to excessive
concentrations of transition-metal jons and thus obtain low-loss glass. To
reduce the density of damaging inclusions to acceptably low values, is a
problem that is common to both types of melt facilities. The decision as to
which facility ought to be used depends upon the anticipated quantity of laser
glass required both in total volume and in rod sizes needed. The 8-liter-batch
process is inherently less efficient but the initial cost for installation is
considerably less. If national requirements call for large volumes of glass,
the efficiency for production in continuous tanks could more than offset the
initial cost. It should be emphasized, however, that a further ~eduction in
damaging inclusions resulting from the use of ceramic-melt facilities can
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